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3 O‘P AERODYNAMICS OF THE PARAWING —

By William C. Sleeman, Jr., and Joseph L. Johnson, Jr.(ﬁgpu&%guéb

The National Aeronautics and Space Administration has been conducting
research investigations to provide information on the aerodynamic characteristics
of parawings. A wide range of applicatlons of the parawing concept is currently

| belng considered and consequently a fairly broaed spectrum of configurations nas
been investigeted. Use of the tension structure concept for flexivle wings,
&ixh was pioneered by F. M. Rogallo of the Lang;ey Research Center, nas offered
a possible means of recovery and landing of spacecraft since this type of wing
can be packaged and deployed in a manner similar to recovery parachutes, and in
addition provides attractive glide and landing flare capabilities. ther uses

. of the parawing concept that are presently being considered are cargzo dropping,
cargo towing, rocket booster recovery, powered reconnaissance drone, and manned
utility vehicle. A considerable amount of low-speed aerodyneaxic information has
been obtained in research support for specific applications and Irom basilc
parsmeteric general-research investigations. A list of published information
from these resea;ch investigations is given in references 1 <o 1l2.

:Some aerodynamic data on parawings have been selected for presentation
herein to swmmarize some of the most recent serodynamic information on parawings
obtained at the Langley Research Center. The state-of-the-art with regard to
lift-drag ratio is summarized and emphasis is glven to éonsiderations of funda-

r3 a2fecting the performance, stability, and control of parewinyg
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ansalyiical studies and some comparisons with conventional wing theory are o
presented.

Lift and drag characteristics.- Some typical 1ift and drag charecierisiics

of a large-scale inflated-tube parawing configuration are presenzed in Tigure 1{a)

as a function of angle of attack of the wing keel. The 1ift curve is
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linear between angles of attack of about -5° to 15°. This charccteristic is

assbciated with unloading of the canopy, which is referred 1o &s lu’fing ond will

U

be discussed later. For angles above 150, the 1ift increased U3 io the maximum
test angle of 560. There was no evidence of wing stall and the nizaest 1ift
coefficient attained was 1.3. The drag data showed a high value ¢ minimum drag
as would be expected from a configuration having large diameter lecaing cdzes
(diameters approximately l2-percent keel length at ﬁhe apex, tapering to
_4.8-percent keel at the tip). The maximum lift-drag (L/D) ratic obtained Tor.
this configuration was approximately 3.5. |
Attainment of higher L/D ratios than those shown for the coariguraision of

figure 1(a) 1s highly desirable; it is appropriate therefore to consider soxe
of the.basic geometric parsmeters affecting L/D. Inasmuch as the leading-cige
size was a contributing factor to the relatively low values of L/D obtained
on the model of figure‘l(a), effects of leading-edge size on L/D are suu-
marized in figure 1(b). These test results wére obtained on an infleted-tio.
configuration which had untapered leading edges and Xeel, and had e spreadcr o
Lo maintain the sweep angle of 55°. The results presented in figure (%) zacuw

*T-gressive increase in L/D as the size of the leading edzge and xeel was

'cl

rezuced. The highest value of L/D obtained was about L.k for the wirg with a
ciuilos-20ge diameter of l.5-percent keel length. The dotted curve showa in
figﬁre 1(b) indicates an ideal variation of L/D which represents an upper
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boundary for wings of the given sweep and aspect ratio. An estiraeted skin-
friction drag coefficient for the canopy of 0.013, and the assumption of Tull
leeding-edge suction was used in determination of the drag coefficients.
evident from comparison of experiment with the ideal curve that even with ixae
smallest leading edges tested, the parawings were far short of the lift-drag
ratio potential for this wing planform. One phase of NASA research has been
accordingly directed toward attaining wing configurations that realize more fully
the lift-drag ratio potential of the wings.

Figure 2 has been prepared to illustrate some important geometric charcc-
teristics of parawings that have a significant influence on lift-drag ratio. On
the left-hand side of figure 2 is illustrated the conical-shaped canopy obiained
on conventional parawings. The shape of these canopies is defined by tkhe Tlat
pattern sweep of the canopy fabric Ag and the flight sweep A. When the
leading-edge sweep is increased from Ay to A (see sketch A), the canopy
develops two lobes and the surface of the canopy lies on two cones which inter-
sect at the apex as shown in figura 2. Below the sketch in figure 2 is ilius-
trated the varlation of geometric twist across one of the canopy loves, and it
is seen that the washout increases with spanwise distance from the keel. For
canopies having deep lobes (A = 10° to 15° greater than ’Ao) the washout at the
tip may be as_high as 500. The type of span loading obtained with conicel-
shaped canopies i1s illustrated at the bottom of figure 2 for a wing-lift coc?-

Ticient of,0.4k. The high washout in the wing causes the wing to carry negative

1lift near the tip. This type of span loading causes high induced draz znd is a

1.
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figure 1(v).
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One approach to improving the lift-drag ratios of porawinss wow

@]

reduce the twist by having very shallow lobes (Ao = A) to provide oo o

wing. Thils approach would however require a more rigid structurc cul oo .- .
from the parawipg tension structure concept. Another appmroacs is to Jov
wing about cylinders, paralléi to the keel as shown in the rifht-nond woel o
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figure 2. This type of wing has a helical-shape
tion of dihedral across the span. The sireamwise airrfoil sections, nowover, ...

on the surface of the cylinder, are parallel to the keel, and nave nc twicy oo

camber. The more nearly elliptical span loading for this type of wing choula
result in less induced drag and higher maximum lift-drag ratios than for the

wings having conical-shaped canopies.

Lift-drag ratios for parawings having both conical and cylindrical cancny
shapes are summarized in figure 3(a). All of these wings had rigid, streamiincd
leading edges and the sweep angle of 50° was maintained by a spreader tar. Dest
results are presented for parawings having aspect ratios of 2.37 (equal lenxin
leading edges and keel) and 5.45 and these results show the gaizn in (L/D)yax
expected from an increase in wing-aspect ratio. Results for these wings alsc
indicated that appreciable increases in (L/D)max were obtained on both the low-
and high-aspect-ratio wings by use of the cylindrical cancpy shape. A mexinmum
value of lift-drag ratio of 13.6 was obtained for the aspect-ratio-5.45 wing
with the cylindrical canopy shape. Both of the cylindrical wings, however, 2ad
iower values of L/D at high 1ift than the cofresponding conical winzs. Thals
characteristic which apparently results from tip stalling of the untwisicd winzs
indicates that the washout of ti. conlcal wings was favorable ax nigh i,

Although use of the'cylindrical wings resulted in considersole impr. oo

in maximum lift-to-drag ratio relative to the very highly twisted and cazbercd
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conical wings, some moderate washout would be expected to improve ihe span-lcud
éistribution and performance of these highly tapered wings. Results are pro-
cented in figure 3(b) to show effects on (L/D)yax of adding a small amount of
weshout to an aspect-ratio-5.45 cylindriecal wing. The addition of washout wos
accomplished by adding some fullness to the trailing edge of the untwisted
cylindrical wing, and the amount of this fullness 1s defined here by the Iflat
natiern éweep. The flat pattern sweep of 48.2° gave the basic zero Twist condi-
tion at A = 50° and reduction of the flat pattern sweep allowed the trailing
¢ize to rise above its basic position to provide a small amount of washout. TFig-
ure 3(b) shows that addition of some washout increased the maximum 1lift-drag
ratio to a value slightly above 16.0 for a flat pattern sweep of 6°. The
cecrease of (L/D)pax With further addition of washout indicates tzat trhere is
gn optimum emount of washout Tor this wing, with regard to (L/D)yax-

It should be pointed out that any particular wing shown in figure 5 should

rot be considered an optimum wing because many factors other than L/D nave to

H

be considered in the selection of a wing. Structural-weight trade-offs, Zo:
cxample, and the intended gpplication for the wing will have an important oearing
on the selection of a wiﬁg._ Other factors such as stability and control charac-
teristics are alsq importent in the selectlon of a wing, and these considerations
will be discussed later in this paper.

Procedures for estimating the longitudinel aerodymamic characteristics of
conventional airplane wings have been refined to the point where falrly rezlliavlic
predictions can be made of such characteristics as lift-curve slope, span _oad i,
wgle of attack for zero lift, pitching moment at zero 1ift, anl wing-zlorne

ritching-moment slope. It is desirable to determine to what extent these

citablished estimation procedures for conventional wings can be used for flexiblc

-
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parawings. At present only a few checks have been made for parawlinzs, o

general the estimates of the aforementioned wing characterisiics haove toos

to be in fairly good agreement with experiment. One such comparison s ~-o-
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sented in figure 4 to show experimental and estimated 1ift characteris
cylindrical and conical wings.of aspect ratio 5.45.

The comparison of experimental 1ift characteristics presented Iin The Lo«
kand portion of figure 4 shows a large difference in keel angle of abiock oo
zero 11ft between the conical and cylindrical wings. ALTLOUZL There arc ol
differences between the experimental and estimated angie Tor zerc Lil%, hc
theory gave a good estimate of the change in zero-1ift angle in goins Trom
conical to the cylindrical wing. The difference between test data il Lhé;t;
shown for a given wing probably occurred because the actual ITlexible winj il.
not have the true conical or cylindrical shapes that were assumed for tic
estimates. .

Another point of interest shown in figure 4 is the difference in oporctic
lift-coefficient range for the two canopy shapes. The cylindricel wing coula L.
tested near zero 1lift (a = 0°) and there was no canopy luffing throu. houi wiu
test angle-of-attack range. The conical wing, on the other hand, was liniico i

the minimum 1ift coefficient that could be obtained without app?eciable SELOLY
deformation and flapping, and this minimum 1ift coefficient canabe considerea

to define the lower boundary of the normal operational range of The winZ witl

regard to canopy behavior. Experience with a range of wing sweer zand conic ..

canopy shapes has indicated in general that the minimum operaticocl 1ilv ol -
flcient is approximately O.4. (It will be shown laver that the minizum Cpcri-
tional 1lift coefficient for cylindrical-canc.y wings may beldetermined oy

pitching moment rather than 1lift characteristics.)

-
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The estimated and experimental lift-curve slopes presented in the leli-hor

plot of‘figure 4 are in good agreement for boih canopy shapes. In order o ailow

comparisons for a large range of wing planforms, a summary of lift-curve sicznes

1%

is given in the right-hand portion of figure 4. The form of presentation was

selected to allow the use of any sweep or aspect ratio and to indicate approxi-

mately the value of section 1lift slope &y to be used in the theory. The con-

parisons shown have been limited to test data obtained at a fairly nigh dynaxic

pressure and for which check runs have substantiated to be Jairly accursne

The present comparison of experimental and theoretical lift-curve slozes indi-

cates that a section 1lift slope ag of approximately 0.09 would be expected o

yield a good estimate of wing-1lift slope when used in the theory ol relersnce 13.

Longitudinal stability characteristics.- Pitching-moment characteristics

are summarized for several parawing configurations in figure 5. The upper relz-

hand portion shows results for the large-scale inflated-tube configuration
previously discussed in figure 1. Pitching moments of the wing alons are pre-

sented about a moment reference on the keel and indicate that the wing has

o

negative pitching moment at zero angle of attack and does not trim. Thils char-

so that in most typical parawing applications, the center of gravity nhas to de
located an apprecisble distance below the keel in order to have both trim an
stabllity at positive lift. Pitching moments about the configuration center or
gravity located 0.501x below the wing showed that the configuration trimmed

at a keel angle of attack of 26° and was highly stable from about 15° <o 5&°.

cl
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% the range of canopy luffing mentioned in connection with figures 1 and ~.
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The results in the top right hand of figure 5 show pitching-moment CLurul-
“teristics of the family of wings for-which the L/D summary wes presenced in
figure 3. The moment reference for all of these wings was located &t The Suiud

position below the keel (z/b = 0.3). The longitudinal position of the assumcd

center of gravity was located to provide trim at a 1ift coelficient ol C.5, which
was an average Cy for (L/D)max for the four wings. These resulis show Taal

all of the wings could be trimmed and, with the exception of the aspect-rotio-3.%
cylindrical wing, had positive stabillty over most of the operational 1iiv range.
The high-aspect-ratio cylindricel wing showed the well-known loss oI static
longitudinal stabllity at moderate 1lift encountered on many swept wings. Statlic
longitudinal stability could be provided over the lift-coefficient range in this
case by the use of a much lower center-of-gravity position but such & change
would not eliminate the undesirable nonlinearity of the pitching-moment curve.
.It should be noted that the addition of a smail axnocunt of wasnout which pro%ided
an increase in (L/D)pax for this wing (fig. 3) also was beneficilel inm delaying
.and reducing the severity of the unstable break in the pitching moments oI the
cylindrical wing. The fairly large amount of washout in the high-aspect-ratio
conical wing alleviated the tip stall and no loss of Stabllluy was indicated up
to a 1lift coefficient of 1.0. The high level of stability shown for this wing
could be reduced, if desired, by raising the center of gravity towerd the keel.
The pitching-moment data for the family of conical and cy_indricsl wings

were not measured at negative angles of attack, but all of tThese wings show a

¢t
O

tendency toward static instability at low 1lift coefficients Zenerally similor o

P,
¢

" that previously discussed for the large-scale, low=aspect-raitic conlc
For the cylindrical wings, this tendency is somewhat surprising In view of the

difference in 1ift characteristics for the conical and cyll Wdrical wings, av low
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aﬁgles of attack mentioned earlier in connection with figure 4. It appears That
the low-1ift operational boundary for the cylindrical-canopy wings may therclore
be determined by the variation in the pitching-moment characteristics rether
then 1lift characteristics.

Although the low-1ift range may.be considered outside of the normel opera-
tional range for parawings, there are some conditlons that could ceuse a perawing

~

configuration to enter this lift range inadverteatly. In the case of the

~
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aspect-ratio conical wing, which has seen the most use to date, these charcce:
istics at low lift have been found under some conditions in model flight teste
to result in an end-over-end tumbling motion.

Some static force test data related to the tumbling problem are presented
in the lower plot of figure 5. Pitching-moment characteristics are presented in

this plot over a 360° angle-of-attack range for a low-aspect-ratio conical

| parawing with low center of gravity together with similar data for & conventional

delta-wing configuration with the center of gravity in the plans of the wing.

‘The data show that near 0° (and 360°) angle of attack both configuraticns are

stable and trimmed. In the case of the conventional wing, a disturbance waich
pitches the wing away from its trim point is opposed by large restoring moncnis
which are symmetrical at positive or negative angles ofvattack. n the case of

the parawing, however, there 1s a region of static longitudinal instability at

[¢l)

low negative angles of attack and large differences in the magnitude of <h

positive and negative pitching moments over the angle-of-sttack range. It i

 this combination of static instability and asymmetry in the pitching moment.

Wwalch appears to be significant in establishing a steady tumbling movion. Jor

example, a parawing configuration which pitches dowaward through its wrim - int

to low negative angles of attack will encounter the region of stetic longiiudinel

O
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instability and will therefore tend to pitch downward to even higher negative
éngles of attack. If the pitching motion is strong enough to overcome botih the
damping in pitch and the positive restoring moments in the 300° to 180° angle-
of-attack range, the pitching motion will continue with energy being red into
the system by the large negative pitchigg moments in the 180° to 0° angle-of-
attack range. It is thus possible for a steady nose-down tumbling motion to be
established for a configuration of this type. It should be pointed out, however,
that predictions of a tumbling motion cannot b¢ made based on static data alone.
There are other factors, such as damping in pitch, mass and inertia characteris-
 tics, and the variation in airspeed or dynamic pressure which must be considered
in determining stable and unstable boundaries in a dynamic stability problem of

this type.

Lateral stability characteristics.- In a typical paraglider vehicle, the
fact that the center of gravity lies an appreciable distance below the wing;may
significantly affect the lateral stability characteristics. For such a vehicle,
the stability derivatives involving rolling moment or rolling velocity will
reflect the influence of the wing side force and sideslip characteristics o a
considerdb@é extent, and, in addition; the axis of least inertia may well be
oriented nearly perpendicular to the flight path rather than nearly along the
flight path as in more conventiopal‘aircraft. While these considerations are of-
significance with regard to both static and dynamic stability characteristics,
only some lmplications of the static stability derivatives will be discussed in
this paper.

The static lateral stability parameiers CnB and CZB apout t
axes for the large-scale inflated-tube model of figures 1 and 5, and for the

' small-scale conical and cylindrical models are presented in figure 6. On the

-
-
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eft-hand side of this figure the data show that the large-scale model was
tatically directionally stable (positive Cnﬁ) and had large positivé values of
ffective dihedral ('Clﬁ)° The values of these derivatives which increased with
acreasing lift coefficilent, are generally representative for parawing configura-
Llons of this type. Presented on thg';ight-hand side of figure 6 is a plot of
1 against -Czﬁ to show the effect of canoPy shape and aspect ratio on the g
satic lateral stability parameters 6f the family of parawings previously dis-

issed. For a plot of this type, combinations of CnB and _CIB which fall in

1e midportion of the first quadrant are generally desirable from the standpoint |

f dynamic lateral stability. For example, the low-aspect-ratio conical wing,
ilch has combinations of ‘CnB and -CIB as indicated in figure 6, has been
>und to have generally satisfactory dynamic lateral stability characteristics.
1 some cases, however, poor Dutch roll damping has been observed for this para-
ing configuration when large destabilizing bodies such as boosters were sus-
:nded beneath fhe parawing - In such cases the static directional stability of
ne combination was probably reduced to very low positive values.

On the basis of the flight test experience to date with the low-aspect-

atio conical wing it would appear that the aspect-ratio-5.45 conical wing, which P

ad slightly higher values of CﬁB for a glven value of‘ 5013, should generally
ave satisfactory dynamic lateral stability characteristies. For the cylindrical
ings, however, the low values of directional stability in combination with
2latively high values of positive dihedral effect could lead to poor or unstcdle
ntch roll damping. In addition, the low positive values of CnB at moderate

' ve dihedral effecl indi-
ated for the low-aspect-ratio cylindrical wing at Ci.= 1.0 (a trend which

<50 occurs for the high;aspect-ratio cylindrical wing at a slightly higher 1ift

-

-
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coefficient) point out the possibility of directional stability problems with
ﬁheée wings. On the basis of these results, it appears that some means for
providing increased static directional stability for the cylindrical wings will
be required in order to insure satisfactory dynamic lateral stability character-
istics. Some configuration modifications that havé been found effective on
conical wings in this respect are the use of auxiliary fins or panels, and
lowering the leading edges with respect to the keel.

longitudinal control characferistics.- Longitudinal control for most para-

wing applications currently being considered is accomplished by shifting the
center of gravity relative to the wing. Some basic information pertaining to
longitudinal contrﬁl through the cehter-of-gravity shift control system is
illustrated in figure 7. The plot at the left of this figure shows the pitching-
moment cufves resulting when the center of gravity is shifted forward as illus-
-trated in the sketch from position B to A or rearward from position B to C.

When the center of gravity is shifted forward to trim at a lower 1lift coefficlent
(point A), an increése in stability is also obtained as indicated by the increased
slope of the curve. Conversely, there is a reduction in stability when the para-
'wing is trimmed to a higher 1ift coefficient (point C).

For cable-supported payloads, center-of-graﬁity movement is achieved by
changing the lengths of the cables.. On other applications where the wing and
payload are connected by‘a\rigid truss; center~of-gravity shift is accomplished
by .relative movement of the payload with respect to the wing about a fixed pivot.
. For both .types of applications the wing pitch‘characteristics about the pivot
(virtual pivot for the.cable configuration) are important and the sign of the
pltching moment at- zero lift wcﬁo determines whether the control-force gradients

are stable”or unstable. -
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fhe effects of Cmo on control forces for the fixed-pivot applicaﬁion are
11lustrated in figure 7(b) which shows pitching-moment data referred to the wing
pivot. Three assumed pitching-moment curves are presented - curve 1 has a
positive value of Cmg, while curves 2 and 3 have a common negative value of
Cmg. For curves 1 and 2 the wing pivot is located at the same point on the wing
keel and therefore the curves have the same slope. Curve 3 represents the manner
of change in curve 2 when the wing pivot is moved rearward so that zero Cmpivot
'is obtained at the same value of CL as for curve 1. The stick-force character-
istics for the three conditions shown-indicate that a positive value of Crg
provides a stable stick-force variatioh with speed (that is, a pull force is
required for trim at the lower speeds and & push force at the higher speeds)
whereas an unstable variation is obtained when Cmy 1s negative. The sign of
Cmo therefore can be taken in a direct indication of the type of stick-force
gradient to be expected for a given wing. A small positive value of Cmy 1is
usually considered desirable from considerations of handling-qualities and
control-force requirements..

Both wing planform and twist distribution have an important influence on
the wing pitching moment at/zero lift. Some results summarizing these effects
for several wing configurations are presented in figure 8. The effects of aspect
ratio for 50° swept conical wings having a flat patterﬂ sweep of Ag =_h5° are
shown in the upper left-hand plot. These results indicate that conical wings
having aspect ratios below .about 5.0 have negative values of Cmg; above A = 5
positive values of Cp, increase with increasing aspect ratio. The explanation

h ™ -

of th Lown lies in the relative elflecis

Cmg -with aspec
of cember (which contributes -Cmo) and twist (which produces a -+Cmo). At low
aspect ratio the camber effeét predominates inasmuch as the twist contribution
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is a function of the quarter-chord sweep, and this sweep is relatively low ai
Jow aspect ratio. The twist contribution arises from a couple produced by an
upload near the apex and a download near the wing tips. As the aspect ratio
increases, the centribution from this couple increases in proportion to the
qQuarter-chord sweep and becomes larger than the camber contribution at aspect
ratios above about 5.0. The experimental resﬁlts appear to be in falrly goocd
agreement with the theoretical variation of Cm, with aspect ratio for conical
wings. Theory for the cylind}ical canopies, of course, would indicate zero Cpg
because these wings were designed to have.zero twist and camber. Experimental
results, on the other hand, indicate that negative values of Cp, Occur at low
aspect ratio and become more negative with increasing aspect ratio. This varia-
tion indicates the possibility that under actual test conditions, the cylindrical
canoples deformed at the trailing edge in a manner to provide washin at the tips.

Inasmuch as Cp, is determined by the relative effects of twist and céﬁber,
it would be expected that flat pattern sweep, or amount of canopy fullness would
have an important effect on Cp,. The effects of flat pattern sweep for the
high-aspect-ratio conical wing are summarized in the upper right-hand portion
of‘figurg 8. These results show that even for the high-aspect-ratio wing, nega-
tive values of Cp, may be encountered if the canopy is too full (low flat
pattern sweep) and that.the value of Cp, can bé‘increased somewhat by using a
. tighter canopy (A, = 47.5°) than the basic Ao = 45° canopy. Further increases
in flat pattern sweepAYould be expected to remove the favorasble twist effect as

well as the camber effect.

the family of wings previously discussed. These results indicate, as would be

——

expected, that the high-aspect-ratio conical wing provided a stable stick-force

L]
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gradient,lwhile the other three wings had unstable stick-force gradients. In
flight tests of the NASA parawing research vehicle, which employs a low-aspoct-
ratio conical-canopy wing, an objectionable unstable stick-force gradient was
experienced over a large portion of the speed range. In the case of the Gemini
parawing recovery system, which also employs the low-aspect-ratio conical wing,
an irreversible power boost system is to be used which will mask any unstable
stick-force gradient encountered with this system.

Lateral control characteristics.- Some fundamental parameters involved in

the lateral center-of-gravity shift or wing-bank control system are illustrated
in the sketch and formulas at the upper left of figure 9. The formula for net
rolling moment is based on the assumption that when the ﬁing is banked, the 1lift
vector 1s tilted with the wing and has a lateral component which produces a
rolling moment about the center of gravity through the arm z/b. Since for trim
conditions the lateral coﬁponent of the 1lift acts behind the center of gravity,
it also produces an adverse yawing moment through the arm x/b. When the side-
slip angle resulting from this adverse yawing moment is taken into account, it
can be shown that the favorable rolling moment produced by the 1lift vector is
reduced through fhe effective dihedral parameter CzB. The factor within the
brackets '

1 -Cl
- L

Ong 5
is designated as the rolling-effectilveness parameter and conveniently expresses
the percentage of rolling effectiveness that is actually évailable for a con-
figuration employing the wing-bank or center-of-gravity shift control system.

For configurations haviné high ratios of -C-,_B/CnB and low values of L/D, the
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,rélling effectiveness becqmes small and therefore the net rolling moment in such
cases 1s reduced. It should be pointed out that the estimates of rolling effec-
tiveness obtained from the above férmula are only approximations since the Tormula
was derived on the basls of static considerations alone. There are other factors
such as moments of inertia, inclination of the principal axis of inertias, and
’dynamic stablility derivatives which must also be taken into consideration in the
final analysis of the control effectiveness under dynamic conditions.

Presented in the lower left plot of figure 9 are values of rolling-
effectiveness factor plotted against net rolling-moment coefficient for the coni-
cal and cylindrical parawings of aspect ratio 2.7 and 5.45. The results of this
plot show that the low-aspect-ratio conical wing has positive values of the
ro;ling-effectiveness factor from about 0.5 to 0.7. This factor is increased
for the aspect-ratio-5.45 conical wing and therefore the net rolling moment pro-
duced by wing bank is increased in this case. For the cylindrical wings, it{is
significant to note that the rolling-effectiveness factor is negative and that
- the rolling moments produced by wing bank are therefore negative or adverse -

" that is, banking the wing to the right would produce rolling moments to the left.
. Analysié’indicates that despite the increased values of L/D for the cylindrical
wings an adverse rolling effectiveness in these cases results from the low values
of Cng and relatively large values of -CzB inherent in this type of parawing.
(See £ig. 6.) It appears necessary, therefore, that in order for the wing-bank

sme rrzuamo+s secome effective in these cases, the ratio of ~02§/bnﬁ mist

T, yeseably through increased Cns or perhaps through the combina-

tion of increased Chﬁ and reduced 'Cip'

In the plot on the right of figure 9, the roll-control forces experienced

with the wing-ﬁank control are compared with those for a wing-tip control which

/
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may be considered equivalent to an aileron control on a conventional wing. Two

values of z/b are shown for the wing-bank control, the value of 0.50 corre-

| sponding to that used on the Geminl parawing recovery system and the value of

0;135 corresponding to that used on one research configuration. From this plot
it is seen that for a given rolling moment, the cdntroi forces with a wing-bank
control system will be considerably higher than those with an asileron-like wing-

tip control.
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SYMBOLS

The coefficients are presented with respect to the stability axis system

and the reference area used in reduction of the data was taken as the canopy

flat pattern area. Coefficients and symbols used are defined as follows:

A

b

ik

Cp

CL

b2
" Projected area

aspect ratio of projected wing planform,

projected span of wing, ft
length of the wing keel, ft

spanwise distance from keel center line, ft

drag coefficient, Qigﬁ

1ift coefficient, L%gi

Pitching_moment
qSZk

pitching-moment coefficient,

pitching-moment coefficient at zero lift (see fig. T(b))

Yawing moment
qSb

Yawing-moment coefficient,

Rolling moment
qSb

rolling-moment coefficient,

statlic directional stability parameter, per deg

‘effective dihedral parameter, per deg

free-stream dynamic'pressure, 1b/sq ft

area of wing canopy flat pattern, sq ft

alrspeed, knots

distance from center of gravity to wing keel, measurcd normal to keel
unless otherwise indicated, ft |

angle of attack of wing keel, deg
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angle of sideslip, deg
'éweep of wing leading edge, deg
sweep of leading edge bf the canopy flat fattern, deg

sweep of the wing half-chord line, deg '

SKETCH A

~ WING APEX

SWEEP OF
FLAT PATTERN,

%

TRAILING EDGE
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